ABSTRACT The sampling efÞciency of pitfall traps and Winkler litter extraction in northern deciduous forests was compared using ants. Both techniques are among the most common methods used to measure the diversity of organisms active on the forest ßoor. During 2005Ð2006, 90 Winkler and 180 pitfall trap samples from urban forest fragments in northeastern Ohio obtained 9,203 ants representing 31 species. Winklers captured all 31 species, whereas pitfall traps collected a total of 24 species. Winkler samples accumulated species more rapidly than did pitfall traps and had greater total species richness and higher abundance of ants recorded. Consistent with other studies, Winkler sampling was found to catch a greater number of smaller ants, whereas pitfall trapping caught a greater number of large-bodied ants. According to estimates of expected species richness, the combination of the two sampling techniques allowed for the collection of Ϸ90% of the ants expected in the surveyed area. Site variation had little effect on the inherent differences in sampling efÞcacy between the two methods. Either technique adequately collected samples for broad comparisons and documentation of the more typical and representative ant fauna, but Winkler extraction exhibited the advantage of a more complete inventory. The application of both techniques should be considered if the aims of a study require estimation of community properties, such as relative abundance.
The value of arthropods in biodiversity assessment programs has long been recognized (Wilson 1987 (Wilson , 1988 (Wilson , 1992 Raven and Wilson 1992) . In recent years, increased attention has been paid to the inventory of insect diversity patterns for tracking environmental changes, ecosystem recovery, and for conservation purposes (Kim 1993 , Kremen et al. 1993 , Lawton et al. 1998 , Andersen et al. 2002 , Underwood and Fisher 2006 . Insect inventories ideally should be rapid, repeatable, quantitative, and as cost effective as possible (Oliver and Beattie 1996, Fisher 1999) . Sampling a vast diversity of insects always has been difÞcult, and obtaining comprehensive lists and community-scale data usually is achievable only on very small scales.
Unique among insects, ants (Hymenoptera: Formicidae) are a group that, more than any other taxon, lends itself to biodiversity monitoring programs. Nearly ubiquitous in terrestrial ecosystems, ants often achieve great abundances (Hö lldobler and Wilson 1990) . They play major ecological roles as predators, scavengers, mutualists, seed gatherers and dispersers, and ecosystem engineers (Beattie 1985 , Folgarait 1998 , Alonso 2000 , Christian 2001 . Their ease of sampling, relatively low diversity, stationary colonies, and responsiveness to environmental disturbances have made them an attractive monitoring tool for tracking changes in ecosystem conditions (Andersen 1990 (Andersen , 1993 (Andersen , 1997 Alonso 2000, Kaspari and . Choosing the appropriate technique for estimating the abundance and species composition of organisms in biodiversity assessment studies is of critical importance. Because it is unlikely that a single collecting method will provide unbiased and comprehensive estimates of community properties, a set of complementary techniques often is needed (Longino and Collwell 1997 , Fisher 2005 , King and Porter 2005 .
Numerous established ant collecting techniques exist, each with its own advantages and limitations (Bestelmeyer et al. 2000) . The use of these techniques often is complicated by certain aspects of ant biology. Because of their social way of life, ants (both individuals and colonies) are nonrandomly distributed across the landscape. In addition, the relationship between forager density or activity and colony abundance varies greatly across species, so that comparisons of community scale parameters, such as relative abundance, species richness, and diversity, based on forager or colony data are not always equivalent (Bestelmeyer et al. 2000) . The diversity of habitat preferences (including microhabitats) and the behavioral differences across species often result in different sampling probabilities, both for species and methods. As a result, different methods do not collect all species equally well, and they vary in their effectiveness across habitats and taxa (Bestelmeyer et al. 2000 .
Ant sampling techniques can be active or passive. Active sampling involves direct searching for individuals or colonies, and it often is regarded as the most effective method for capturing maximum species richness within a study area (Fisher, 1999 , King and Porter 2005 , Ellison et al. 2007 ). However, it is time consuming and requires background knowledge of ant taxonomy and natural history. Active sampling can introduce bias through differences in researcherÕs effectiveness and level of expertise (Underwood and Fisher 2006) . It often suffers from lack of repeatability and is rarely included, as a primary collecting technique, in community characterization studies (Longino and Colwell 1997) estimating differences in community scale parameters between habitats or sites (Fisher 1999) . Nonetheless, active sampling remains indispensable for strict inventories (Longino and Colwell 1997) .
Passive sampling, including pitfall trapping, litter extraction, baiting, and fogging, relies on ant activity at sampling points to obtain data. One of the biggest advantages of pitfall trapping is the small time investment and the relatively low cost associated with collecting samples (Bestelmeyer et al. 2000 , Fisher 2005 ). Most ground-dwelling ants usually are well represented in pitfall catches, especially in open areas with little leaf litter (Melbourne 1999 , Parr and Chown 2001 , Lopes and Vasconcelos 2008 . However, this method often is biased against most of the smaller and cryptic ant species inhabiting the leaf litter layer (Olson 1991) , and therefore can underestimate their relative abundance. Furthermore, differences in activity between species, deliberate avoidance of traps, the "digging in" effects, and the ability of certain species to escape from traps can introduce additional bias in the collected data (Greenslade 1973 , Andersen 1983 , Marsh 1984 , Bestelmeyer et al. 2000 , Parr and Chown 2001 .
Litter extraction usually requires greater time and monetary investment, and because litter collection typically is performed during the day, this technique can introduce bias against nocturnally active species. Litter extraction, however, has been reported superior to pitfall trapping, both for the number of individuals and the number of species collected, especially in canopy-closed areas with plentiful leaf litter (Olson 1991 , Fisher 1999 , Groc et al. 2007 , Lopes and Vasconcelos 2008 . Both techniques have the potential to distort relative abundance data if ant colonies are located near or within the sampling points (Andersen 1983 , Bestelmeyer et al. 2000 , Parr and Chown 2001 , King and Porter 2005 . This shortcoming, however, can be corrected by using the species frequency of occurrence rather than the total abundances in the data analysis (Longino 2000 , Longino et al. 2002 .
It seems logical that a combination of these two methods is likely to result in data that (1) are both quantitative and qualitative, (2) have the potential to provide community-scale parameters, (3) are as complete as possible within a relatively short time period, and (4) are less biased than are data provided by either technique alone. As a result, pitfall trapping and Winkler litter extraction have been implemented as primary collecting techniques in recently developed standard protocols for sampling ground-dwelling ants in tropical areas Alonso 2000, Fisher 2005) .
A number of mostly tropical studies have explored the intrinsic differences in the capture efÞciency and biases between pitfall trapping and Winkler extraction. Olson (1991) , Fisher (1998 Fisher ( , 1999 , Kalif and Moutinho (2000) , Groc et al. (2007) , and Lopes and Vasconcelos (2008) have reported Winkler litter extraction superior to pitfall trapping in both the number of individuals and species collected in forested areas. Parr and Chown (2001) , and Lopes and Vasconcelos (2008) found pitfall trapping to be more efÞcient for collecting ground-dwelling ants in open savanna ecosystems and Groc et al. (2007) in temperate causse habitat. These studies only highlight the notion that the efÞ-ciency of these collecting methods depends primarily on the structure and complexity of the habitat.
Only a handful of comparative studies between litter extraction and pitfall trapping have been undertaken in northern temperate forests. To our knowledge, only three of these studies have implemented the use of Winklers as tools for extracting ants from the leaf litter. Martelli et al. (2004) found Winkler litter extraction to be more effective in capturing both individuals and species compared with pitfall trapping in mixed deciduous forests of Tennessee. Similarly, in hardwood hammocks of northern Florida, King and Porter (2005) found litter extraction with Berlese funnels to capture more ant species than did pitfall traps. Lessard et al. (2007) conducted a study in northern hardwood forests in Tennessee and North Carolina and found more species in pitfall traps, with approximately the same number of individuals collected by the two methods. Using hand removal of ants from sifted litter, Ellison et al. (2007) found comparable effectiveness between the two techniques. Groc et al. (2007) reported Winklers to capture greater species richness in an oak grove habitat in southern France. Neither of these studies, however, has shown a single collection method to effectively capture all species within a study or a research area.
Showing the differences in sampling efÞciency and biases across ant sampling techniques is important for the development of inexpensive, rapid inventorying protocols for the purposes of conservation and management. The prevailing majority of the ant-sampling protocols and inventory programs have been developed for and executed in tropical areas, with temperate forests clearly lagging in the number of studies and in the number of researchers involved (King and Porter 2005 , Underwood and Fisher 2006 , Ellison et al. 2007 , Groc et al. 2007 . As a result, much less is known about the relative performance of ant-collecting techniques in northern forest habitats and their implication in regional inventorying programs.
Our intent is to evaluate the performance of ant collecting techniques developed for, and primarily applied in, tropical studies (especially true for Win-kler litter extraction) and to build on the sparsely explored topic of their application in temperate forested areas. As such, this study should be considered complementary to the only few previous studies that have explored this issue. Although Winkler extraction is, and has been for many years, a common and highly valued ant collecting technique in tropical areas, it has found only limited application in other terrestrial ecosystems. The value of Winkler extraction for collecting rare leaf litter and top soil ant inhabitants in temperate forests is yet to be determined. The goal of our study is to explore the value of using these techniques for collecting ground-dwelling ants and to encourage their application for capturing local ant diversity in forested areas well outside the tropics.
We evaluated the performance of Winkler litter extraction and pitfall trapping for collecting grounddwelling ants in a northern temperate forest, with two primary objectives: (1) to compare the sampling efÞ-ciency of the two techniques and (2) to explore the biases introduced in the data collected by each method.
Materials and Methods
Study Area. The study was conducted in the formerly glaciated, greater Cleveland area of northeastern Ohio. Nine forest fragments, ranging in size from Ϸ20 to 1,400 ha (Table 1) The predominant land use type in the area is urban land, both industrial and residential. The deciduous forests that virtually covered the region before human settlement now are represented by fragments embedded in the highly modiÞed urban landscape. All sites included in this study are part of the Cleveland Metroparks System and the Cleveland Museum of Natural History natural areas program (Table 1) and were selected for the largely forested areas that remain within their boundaries. The results reported in this paper are a part of a larger study examining the response of the local ant communities to habitat fragmentation.
The climate of the area is temperate continental, modiÞed by its proximity to Lake Erie. Soils are derived from glacial till, and the underlying bedrock is sandstone and shale (Musgrave and Holloran 1980) . The elevation of all sampling locations ranges between 180 and 370 m a.s.l.
Ten sampling plots were selected at random from a large dataset using an extension of ArcView 3.2 (ESRI, Redlands, CA) and located within each fragment. Plots were selected at least 25 m away from the nearest forest edge (where possible) to avoid edge effects, away from paved corridors, picnic areas, and open water sources. Plots that did not meet these requirements were excluded.
All sampling points were located within mixed mesophytic forest types, dominated by combinations of red and white oak (Quercus rubra L. and Q. alba L.), sugar and red maple (Acer saccharum Marshall and A. rubrum L.), American beech (Fagus grandifolia Ehrh.), tulip tree (Liriodendron tulipifera L.), and hickories (Carya spp.), with the more mesic sites dominated by sugar maple and beech, and the more xeric ones by oak species (Quercus spp.). This basic group is supplemented to varying degrees by the addition of associated species, such as black cherry (Prunus serotina Ehrh.), cucumber tree (Magnolia accuminata L.), and basswood (Tilia americana L.). The understory, sparse at most locations, is characterized by seedlings and saplings of the dominant canopy trees; the shrubs Lindera benzoin L., Hammamelis virginiana L., and Viburnum spp.; the vines Toxicodendron radicans L., Parthenocissus quenquefolia L., and Smilax spp.; various herbaceous species such as Podophyllum peltatum L., Arisaema triphyllum L., Claytonia virginica L., Trillium spp., Viola spp., and graminoids (grasses and sedges); and the ferns Polystichium acrostichoides (Michx.), Thelypteris noveboracensis L., and Dryopteris spp. Plant nomenclature follows Gleason and Cronquist (1991) .
Ant Sampling, Processing, and Measurements. Ants were sampled using pitfall traps and Winkler litter extraction (a modiÞed version of the Ants of the Leaf Litter protocol, Agosti and Alonso 2000) . Ten plots (20 by 10 m) were randomly distributed within each of the forest fragments, located on the ground with a GPS unit (Garmin 12; Garmin International, Olathe, KS), and permanently marked with a metal tag. A 20-m transect was established through the midline of each plot in an east-west direction. One 1-m 2 litter sample was taken at the center of each transect (10 m away from edge of plot), and two pitfall traps were positioned 5 m away, on both sides, from the litter sample (e.g., 5 m away from edge of plot). Pitfalls were offset by 1 m on opposite sides of the transect. Thus, 10 litter and 20 pitfall samples were collected in each fragment for a total of 90 Winkler and 180 pitfall samples. Litter samples were obtained by collecting the surface material enclosed within a 1-m 2 plastic frame at each sampling point. Litter here is deÞned as the layer of leaves and detritus that can be scraped easily from the more compact soil. The collected litter was sifted on the spot through a sieve with 1-cm grid size to exclude larger fragments and debris. The Þne siftate was transported to the laboratory, where it was loaded in ßat mesh bags and suspended inside Winkler extractors for 72 h. Three days is sufÞcient for the extraction of the majority of ant species in a sample (Bestelmeyer et al. 2000 , Krell et al. 2005 . All extracted materials were stored in 95% EtOH. Litter collection was conducted between 1000 and 1600 hours and at least 1 d after a heavy rain to ensure reliable extraction. We manually removed any ants remaining in the dry leaf litter inside the mesh bags after the 72-h extraction time. The results of the Winkler extraction efÞciency (percentage of individuals extracted after 72 h) for north temperate ant assemblages will be discussed elsewhere.
Pitfall traps were plastic cups, 95 mm in diameter and 130 mm in height, buried ßush with the surface of the ground. Traps were Þlled with Ϸ150 ml of 70% EtOH and operated for 72 h. Ethanol is not known to signiÞcantly attract or repel ants (Greenslade and Greenslade 1971) . Trap contents were collected in the Þeld and Þxed in 95% EtOH on arrival in the laboratory. Traps were placed at the sampling locations after the litter collection was performed to avoid disturbance to the site.
All samples were sorted, counted, and identiÞed to species using available taxonomic keys. Challenging specimens were sent to experts for conÞrmation. Vouchers are deposited at the CMNH, Department of Invertebrate Zoology, and the remaining materials are in the Þrst authorÕs collection. Nomenclature follows Bolton et al. (2006) and an ongoing revision of the North American Myrmica spp. by A. Francoeur.
The maximum head width of each species was measured to the nearest 0.1 mm with an ocular micrometer mounted on an Olympus SZ30 dissecting microscope (Olympus America, Center Valley, PA). Head width provides a standard and reliable measure of overall body size (Hö lldobler and Wilson 1990 , Kaspari 1993 and usually is easier to measure than is overall body length. Where possible, Þve individuals of each species were measured. Head width measurements were averaged across individuals for a single value for each species. All measurements were placed in 0.20-mm size classes as follows: minute (Ͻ0.50 mm), small (0.51Ð 0.70 mm), medium-small (0.71Ð 0.90 mm), medium (0.91Ð1.10 mm), and large (Ͼ1.10 mm).
Statistical Analyses. Reproductives were excluded from the analyses because their presence in the collected samples does not necessarily denote presence of an established colony in the study area (Fisher 1999) . Moreover, there are almost no reliable taxonomic keys for both males and females, and for many taxa, species-level identiÞcations of reproductives are questionable.
The data, consisting of replicated collections of individuals identiÞed to species, were used to assess quantitatively the relative sampling efÞciency of pitfall traps and Winkler samples. Three different statistical methods were used to estimate and to compare the species richness between the two collecting techniques: rarefaction, asymptotic richness estimators, and similarity analyses.
Rarefaction methods allow for direct comparison of the expected number of species between techniques (or sites) by standardizing the sampling effort through random subsampling of the existing data pool (Colwell et al. 2004) . Rarefaction thus provides the expected number of species for a given number of samples or individuals based on the number of species actually discovered. Sample-based rarefaction curves were created using the analytical method of Colwell et al. (2004) , implemented in EstimateS 8.0 (Colwell 2006) . Sample-based rarefaction curves were scaled to a common axis of number of samples to allow for comparison of species density (number of species per sample) between collecting methods. In addition, curves were rescaled to a common x-axis of incidence (number of samples in which a species occurs) to allow for comparison of species richness (Gotelli and Colwell 2001) . Using incidence and not abundance data are necessary because the sociality of ants often leads to high clumping of individuals within samples that can skew species-richness comparisons and speciesÐabundance relationships (King and Porter 2005) . In addition, visual inspection of the shape of the rarefaction curves was used to assess the completeness of sampling for each of the methods.
Species-richness estimators are nonparametric methods that provide a conservative estimate of the number of species that are present but not collected in the samples (Colwell and Coddington 1994) . If the richness estimates rise continuously with sample size, or are unstable, they are not reliable estimates of the total richness. However, if an estimator stabilizes above a certain number of samples, thus making it independent of sample size, it can be deemed a reliable estimate of the total species richness (Longino et al. 2002) . To estimate the asymptotic species richness, we used the second-order jackknife (Jack 2; Overton 1978, 1979) and the Chao2 (Chao 1987) estimators, as calculated by EstimateS 8.0, using 100 randomizations of sample accumulation order (Colwell 2006) . Both estimators use the number of species that occur in exactly one (unique species), and exactly two (duplicates) samples to estimate the number of species that are present but not sampled (Colwell and Coddington 1994, see also Colwell 2006) and therefore rely only on presence/absence and not abundance data. These two estimates have been found to be overall the least biased and the most precise estimation methods on various occasions (Colwell and Coddington 1994, Chazdon et al. 1998 , for a full review, see Walter and Moore 2005) . However, both estimators perform poorly in assemblages containing many rare species (Poulin 1998) . The latter is the rule in highly diverse tropical and subtropical communities but is rarely the case in northern temperate forest ant com-munities. For the analyses, data were pooled for all replicate traps within each collection method. Both estimators also were used to assess the completeness of sampling across techniques. In addition, the number of uniques and duplicates were examined as indicators of inventory completeness. If the number of uniques and duplicates increased with an increase in the sampling intensity, an inventory was considered incomplete.
A plethora of similarity indices have been used to assess compositional similarity of species assemblages. The classic Jaccard similarity index (J ij ) is one of the oldest (Jaccard 1901 ) and among the most widely used measures of compositional similarity between assemblages (sites or samples). Estimates of J ij range between 0 (no species in common between the two samples/assemblages) and 1 (all species are shared). Such similarity indices, based on presence-absence data, have been shown to be strongly inßuenced by species richness and sample size. Moreover, they are likely to underestimate severely the true similarity between two samples, because they do not take into account rare species that were not represented in either of the two samples (unseen shared species) (Chao et al. 2005 , Ellison et al. 2007 ). To correct for these biases, Chao et al. (2005) developed an abundance-based Jaccard index, which is available in EstimateS 8.0. We used ChaoÕs estimate to assess the degree of similarity between Winkler and pitfall catches and applied 1,000 bootstrap samples to calculate the 95% CIs for this index. If the calculated 95% CIs encompassed 1, the species composition was not signiÞcantly different between the two assemblages (collecting techniques). The abundance-based Jaccard index also was calculated for each of the study sites and compared across sites using the 95% CIs to assess the effects of site on the relative differences in sampling efÞciency between the two techniques. For the sake of simplicity, in these similarity comparisons, the two pitfall traps within each plot were pooled together and treated as a single pitfall sample.
Statistical comparisons of relative abundance and ant body size between collecting techniques were performed with the nonparametric Mann-Whitney U test, because data were not normally distributed. A paired design is not necessary because samples situated Ն5 m apart can be considered independent (King and Porter 2005) .
Rank-abundance plots were constructed for each of the collecting methods and both methods combined to assess the structure and the composition of the ant community. The differences in species rank abundances between Winklers and pitfalls were compared with the nonparametric Kolmogorov-Smirnov (K-S) test Ellison 2004, Ellison et al. 2007 ). All analyses were performed with SPSS 16.0 (SPSS, Chicago, IL).
Results

Observed and Expected Species Richness and Completeness of Sampling.
A total of 9,203 ants were collected, including 244 reproductives and 1,266 workers manually extracted from the leaf litter inside the mesh bags after the 72-h extraction time that were excluded from all analyses. Therefore, 7,693 ants (6,511 from litter samples and 1,182 from pitfalls) were included in the statistical analyses. These individuals represent 851 species occurrences of 31 species from 15 genera and 5 subfamilies ( Table 2 ). All 31 species were present in the Winkler samples, whereas pitfalls collected a total of 24 species. The 31 ant species collected include three uniques (species known from a single sample), and one duplicate (species known from only two samples), with all three uniques found in Winkler samples. Nearly 99% (89/90) of all Winkler samples contained at least one individual, and 83% (149/180) of the pitfall traps contained at least one ant.
Rarefaction showed signiÞcantly higher species density in Winkler samples compared with pitfall traps (Fig. 1) . When the data were scaled to incidences, the number of species was higher for litter samples, but the overlap of the 95% CIs between the two methods showed that this difference was not signiÞcant (Fig.  2) . In general, Winklers accumulated more species, and accumulated species more rapidly than did pitfalls, on both per sample and incidence bases. The sample-based rarefaction curves, scaled to samples (i.e., smoothed species-accumulation curves), did not reach a clear asymptote. The rate of accumulation of than 55% of the Winkler samples contained six or more species, whereas only 2% of the pitfall traps contained as many species. The majority (Ϸ 87%) of the pitfalls collected no more than three species per sample, with 14% of the Winkler samples having as few species (Fig. 3) .
Both asymptotic richness estimators showed a tendency toward stabilizing, with the estimatorsÕ curves being nearly ßat for Winklers after Ϸ100 species occurrences and only slightly increasing for pitfalls (Fig.  4) The asymptotic richness, based on both collecting methods combined, was estimated at 32.5 (Chao 2) and 36 species (Jack 2). An estimated 95 and 86% of the expected number of species was therefore captured when the two techniques were used, respectively. The estimated species richness varied across collection methods and ranged from 29 (pitfalls, Chao2) to 39 species (Winklers, Jack 2). The second order jack- knife estimates were higher for both pitfalls and Winklers (32.93 and 38.9 species, respectively) compared with the Chao 2 estimates (28.97 and 34.3 species). Based on these estimates, the sampling efÞciency was calculated at 90 (Chao 2) and 80% (Jack 2) for Winklers and at 83 (Chao2) and 73% (Jack 2) for pitfall traps. The number of uniques and duplicates decreased with increased sampling intensity for both collecting techniques (Fig. 4) .
Compositional Similarity. The two collecting techniques generally captured similar species. The overall adjusted similarity between Winkler and pitfall catches was estimated at 92% with the 95% CIs including 1 (e.g., 100%; Fig. 5 ). The same general trend was observed when the compositional similarity was compared across sites (Fig. 5) . In all but one case, the 95% CIs of the adjusted abundance-based similarity index included 1 and also overlapped across sites. The only exception was the relatively low species overlap (52%) between Winkler and pitfall samples for the Bradley Woods site, where the conÞdence limits of the similarity index did not include 1 and also did not overlap with the 95% CIs for the Huntington site.
Size Comparison. Mean ant size was greater (P Ͻ 0.01, Mann-Whitney U test) in pitfall traps (head width, 1.43 Ϯ 0.025 SE) than in Winklers (0.83 Ϯ 0.003 SE). Although medium-sized ants were collected with similar efÞciency between methods, larger ants predominated in pitfall catches (Fig. 6) . The smallest size class, including one species (Brachymyrmex depilis), was present only in Winkler samples.
Relative Abundance and Community Structure. The mean number of individuals per sample was signiÞcantly higher for Winkler samples (72.3 Ϯ 8.6 SE) compared with pitfall traps (6.6 Ϯ 0.6 SE; P Ͻ 0.01, Mann-Whitney U test). More than 90% of the pitfalls captured 20 or fewer ants per sample versus Ϸ20% for
Winklers. Approximately 60% of the Winklers collected 40 or more individuals per sample, with only 2% of the pitfall traps containing as many ants (Fig. 7) .
The most abundant species collected was Aphaenogaster picea, accounting for 22% of all individuals sampled ( Fig. 8; Table 2 ). A. picea accounted for approximately the same percentage of the individuals captured in both Winklers and pitfalls (Table 2) . Based on total catches, the other dominant species in the community included Lasius alienus (14% of all individuals collected), Myrmica punctiventris (14%), and Myrmecina americana (13%). The relative abundance of these species was nearly the same in the litter samples (16, 13, and 15%, respectively) . Of the latter three species, only M. punctiventris (21%) was abundant in pitfalls. Both L. alienus and M. americana represented only Ϸ1% of the individuals collected by pitfall traps. Two additional species, Camponotus pensylvanicus (28%) and Myrmica af-smith (12%), accounted for a large number of the individuals in pitfalls. The 10 most common species (Fig. 8) , based on total counts, accounted for Ͼ90% of all individuals collected. Four species were represented by a single individual in Winkler samples, and three species were so represented in pitfalls. The rank-abundances of species were significantly different between samples collected by pitfall traps and Winklers (P Ͻ 0.001, Z ϭ 1.905, K-S test).
Discussion
Regional Ant Diversity and Completeness of Sampling. Based on asymptotic species richness estimates, the combination of litter extraction and pitfall traps effectively sampled between 86 (Jack 2) and 95% (Chao 2) of the expected total number of species. This high sampling efÞciency can be explained at least partially by the relatively low proportion of rare spe- cies in the samples collected and in the region in general. The latter rarely is the case in tropical and subtropical areas, where sampling efÞciencies of similar magnitude (assuming same sampling effort) are nearly impossible. In general, Winklers were more efÞcient at capturing a greater proportion of the expected number of species (83Ð90% of the expected number of species collected) compared with pitfalls (73Ð 80%).
The 31 species captured during our study represent nearly a quarter (24%) of the 128 species known to occur in Ohio (Antweb 2009 ). The study area in Cuya- hoga and Medina counties has not been a subject to intensive ant surveys before this study. To date, 44 species have been reported from the region, with 40 species known from Cuyahoga County and 16 species from Medina County (Coovert 2005; K. Ivanov, unpublished data) . Twelve of these 44 species either are associated with open areas or are introduced species found in greenhouses and other heated buildings and therefore are encountered rarely, if ever, in the forested areas where this study was conducted. Twentytwo of the 32 species likely to occur in the forested habitats sampled were captured in our study. The majority (seven species) of the 10 species not captured in our study are rare species that have been collected only on few occasions and most probably are restricted in their distribution within the region. Only Aphaenogaster tennesseensis, Lasius claviger, and Paratrechina flavipes have been collected on more than a single occasion. Because of its biology and nesting habits, A. tennesseensis rarely is collected by litter extraction or by pitfall trapping. L. claviger has been collected infrequently in the region, and P. flavipes is an introduced ant that currently is conÞned to the Doan Brook watershed in Cuyahoga County (Ivanov and Milligan 2008) .
Of the 31 species we collected, 9 have not been reported previously from the study region, with M. af-smith not collected previously in Ohio. The majority of the new records are small, cryptic ants, usually encountered in the top soil, in the leaf litter, or in hollow stems, twigs, and old acorns fallen on the ground. Many of those species can be missed easily during visual searches and therefore might have been overlooked in past surveys. A good example is the small, cryptic myrmicine M. americana, which is typical of the top soil and the litter layer of northern deciduous forests and which usually is underrepresented in hand collections and pitfall traps (Ellison et al. 2007 ). This species was one of the most abundant ants in the Winkler samples we collected.
The slow rate of accumulation of new species after two thirds of the samples had been collected (Fig. 1) suggests the use of complementary techniques for maximizing species capture within the region rather than relying on an increase in the sampling intensity. Hand collections, baiting, and soil core probes are techniques that may allow for the collection of species that were missed using the current sampling design.
Effectiveness and Biases Among Collecting Methods. Winklers collected more species and accumulated species more rapidly compared with pitfall traps (Figs.  1 and 2 ). Both the number of species and the number of individuals per sample were signiÞcantly higher in Winkler catches. On average, a Winkler sample yielded Þve species and 72 individuals, with an average of two species and 7 individuals found in a pitfall sample.
There were no signiÞcant differences in the composition of the species collected by the two methods, either when the pooled totals were used or when compared across sites. Site variation therefore has little effect on the inherent differences in sampling efÞcacy between the two methods, and the signiÞcant difference in community composition between the two techniques observed for Bradley Woods can be regarded as an exception rather than the rule. Al- though the two methods captured similar species, they did so with different efÞciency, resulting in a considerable difference in abundance of some of the collected species. Consistent with other studies (Olson 1991, Parr and Chown 2001) , Winklers collected a higher proportion of smaller ants, whereas pitfalls collected more large-bodied ants (Fig. 6 ). Species with low activity levels, or with specialized microhabitats that rarely forage outside of the leaf litter layer, such as Amblyopone, Ponera, Myrmecina, Stenamma, Brachymyrmex, and some Lasius, either were underrepresented or completely absent from pitfall catches (Table 2 ; Fig. 8 ). Conversely, Winklers showed bias against larger ants in the genera Camponotus and Formica, which actively forage on the surface of the forest ßoor.
Of the 31 species collected, seven were unique to Winklers (Table 2 ), but none were unique to pitfall traps. Of these seven species, three are subterranean ants (A. pallipes, L. nearcticus, and B. depilis), two are rare social parasites (M. semiparasitica, P. americanus), and the remaining two (C. cerasi, T. schaumii) are species more commonly associated with semi-open areas and forest edges. All three subterranean species were fairly common in the Winkler samples, and their absence from the pitfall samples should be regarded strictly as a sampling bias of pitfall trapping. The two social parasites are associated with the leaf litter layer and with hollow twigs or nuts on the ground, and their absence from the pitfall catches is not surprising. Both species have been collected only rarely in Ohio, with M. semiparasitica not yet collected from outside the study region. The absence of the remaining two species, each represented by a single individual, can be explained both by their rarity in forested habitats and by chance alone, because both species are known from pitfall samples in more open areas with a sparser litter layer (K. Ivanov, unpublished data).
Community Structure. Total abundances showed a community numerically dominated by A. picea, L. alienus, M. punctiventris, and M. americana , with these four species comprising Ͼ60% of all individuals collected. The Þrst three species are ecological generalists commonly associated with deciduous forests and woodlots. Both A. picea and M. punctiventris are common on the surface of the forest ßoor, whereas L. alienus is a generalist feeder that is more subterranean in nature and more tied to subterranean honeydew producers. M. americana is a cryptic litter dweller that specializes on soil and litter microarthroods. The high numerical abundance of T. sessile should be interpreted with caution, because the majority of the 429 individuals collected came from a single Winkler sample located in proximity to a forest edge. It is unlikely that our sampling failed to detect species expected to be dominants in the community, and we doubt that further sampling would change the shape of the rank abundance curve.
The difference in efÞciency and biases between the two collecting techniques resulted in a signiÞcant difference in the rank abundances of the collected species (Fig. 8) . The following examples may help to show the possible hazard in using community-scale parameters, such as relative abundance, based solely on either of the two methods. In our study, a rank abundance curve based only on pitfall catches would show a community dominated by C. pennsylvanicus, A. picea, M. punctiventris, M. af-smith, and F. subsericea (arranged in order of numerical dominance, see also Fig. 8) , with these Þve species comprising nearly 90% of all individuals collected. The majority of the remaining species would be considered either uncommon or rare. If only Winkler catches were used to examine the structure of the local community, the rank abundance curves would show a community dominated by A. picea, L. alienus, M. punctiventris, and M. americana, with four additional speciesÑT. sessile (see note above), P. pennsylvanica, S. impar, and T. curvispinosus all being common.
If an inventory is conducted to create a list of the ants within an area of interest, litter extraction with Winklers is the technique that is likely to collect a greater number of species. In this study, Winkler catches included many cryptic ant species with restricted habitats that are not readily sampled with pitfall traps. Moreover, Winkler extraction not only collects more species, but it also accumulates species at a higher rate. For example, it would have taken Ϸ30 Winkler samples to capture the same number of species collected by all 180 pitfall traps (Fig. 1) . This observation diminishes one of the greatest advantages associated with pitfall trapping, namely the little time and resource investment needed to collect samples. Additional collecting techniques should be considered to maximize species capture, a topic beyond the scope of this study. Consistent with some tropical studies (Fisher 1999) , our results suggest that litter extraction with Winklers can completely replace pitfall trapping in northern temperate forests with a welldeveloped litter layer. If, however, the goals of a study require an estimation of community-scale parameters, the application of both methods within an area should be considered to minimize the inherent biases associated with each technique, which show a tendency to distort community scale data by under-representing different parts of the local ant community.
